A protein carboxyl methyltransferase (EC 2.1.1.77) that recognizes age-damaged proteins for potential repair or degradation reactions has been found in all vertebrate tissues and cells examined to date. This enzyme catalyzes the transfer of methyl groups from S-adenosylmethionine to the carboxyl groups of D-aspartyl or L-isoaspartyl residues that are formed spontaneously from normal L-aspartyl and L-asparaginyl residues. A similar methyltransferase has been found in two bacterial species, Escherichia coli and Salmonella typhimurium, suggesting that this enzyme performs an essential function in all cells. In this study, we show that this enzyme is present in cytosolic extracts of six additional members of the a and y subdivisions of the purple bacteria: Pseudomonas aeruginosa (,y), Rhodobacter sphaeroides (a), and the 'y enteric species Klebsiella pneumoniae, Enterobacter aerogenes, Proteus vulgaris, and Serratia marcescens. DNA probes from the E. coli methyltransferase gene hybridized only to the chromosomal DNA of the enteric species. Interestingly, no activity was found in the plant pathogen Erwinia chrysanthemi, a member of the enteric family, nor in Rhizobium meliloti or Rhodopseudomonas palustris, two members of the a subdivision. Additionally, we could not detect activity in the four gram-positive species Bacillus subtilis, B. stearothermophilus, Lactobacillus casei, and Streptomyces griseus. The absence of enzyme activity was not due to the presence of inhibitors in the extracts. These results suggest that many cells may not have the enzymatic machinery to recognize abnormal aspartyl residues by methylation reactions. Since the nonenzymatic degradation reactions that generate these residues occur in all cells, other pathways may be present in nature to ensure that these types of altered proteins do not accumulate and interfere with normal cellular physiology.
extracts. These results suggest that many cells may not have the enzymatic machinery to recognize abnormal aspartyl residues by methylation reactions. Since the nonenzymatic degradation reactions that generate these residues occur in all cells, other pathways may be present in nature to ensure that these types of altered proteins do not accumulate and interfere with normal cellular physiology.
In all vertebrate tissues examined to date, a cytosolic L-isoaspartyl/D-aspartyl protein carboxyl methyltransferase (EC 2.1.1.77) catalyzes the transfer of the methyl group from S-adenosylmethionine to L-isoaspartyl or D-aspartyl residues (3, 4, 14, 25, 27) . These unusual residues can accumulate in all proteins via the spontaneous decomposition of normal L-aspartyl and L-asparaginyl residues (11, 33) and can inhibit the function of the modified proteins and/or the normal pathways for their enzymatic degradation (12, 16, 19, 22) . The enzymatic methylation of these altered residues in vitro can lead to their conversion to L-aspartyl residues via a nonenzymatic repair pathway (9, 16, 17, 21) .
A similar methyltransferase, characterized by its ability to methylate L-isoaspartyl-containing peptides, has also been detected in the cytosolic fraction of procaryotic cells such as Salmonella typhimurium (26) and Escherichia coli (8) . The enzyme from the latter source has been purified, and the nucleotide sequence and chromosomal location of its structural gene pcm (59 min) have been determined (8) . The deduced amino acid sequence of the E. coli enzyme is 31% identical to that of the human erythrocyte isozyme I (15) , suggesting a rather high conservation of structure (and presumably function) in the large evolutionary gap between procaryotic and eucaryotic cells. This bacterial methyltransferase is distinct from the cheR gene product that encodes an L-glutamyl-specific methyltransferase that modifies membrane chemoreceptor proteins in S. typhimurium and E. coli (5, 23, 31) but is probably identical to the broad-methylaccepting-specificity enzyme described in E. coli (18) and S. * Corresponding author. typhimurium (5) before the substrate specificity of the L-isoaspartyl/D-aspartyl methyltransferase was known.
The presence of a methyltransferase in bacteria highly similar to the vertebrate enzyme suggested that its function in recognizing damaged proteins may be essential to all cells in nature. It was therefore surprising when we did not detect methyltransferase activity in cytosolic extracts of the thermophilic bacterium Bacillus stearothermophilus, especially because these cells must survive at high temperatures that accelerate the rates of the spontaneous processes converting L-aspartyl and L-asparaginyl residues to L-isoaspartyl and D-aspartyl residues (11) . We thus began to assay extracts from a variety of eubacterial species for this methyltransferase. We found that while enzyme activity was present in a variety of gram-negative cells, no activity was found in any of the gram-positive cells tested. These results suggest that alternative pathways may exist for the metabolism of proteins with altered aspartyl and asparaginyl residues.
MATERIALS AND METHODS
Bacterial strains and growth. The bacterial strains used in this study and their sources are listed in Table 1 (13) . One unit of activity is defined as 1 pmol of methyl groups transferred per min.
Malate dehydrogenase was assayed in 0.23 mM cis-oxalacetic acid, 0.13 mM NADH, and 10 mM sodium phosphate buffer (pH 7.5) at 22°C by measuring the decrease in A340. One unit is defined as 1 ,umol of NADH oxidized per min.
Slot blot hybridization of bacterial DNA. DNA from various bacterial strains was prepared by using a modification (8) of the protocol of Silhavy et al. (30) . DNA concentration was determined by the A260, assuming that an A260 of 1.0 corresponds to 50 p,g of double-stranded DNA per ml. Chromosomal DNA (50 iJ) was denatured by heating at 100°C for 10 min and then incubated with 50 ,ul 0.5 N NaOH-1.5 N NaCl at room temperature for 10 min and neutralized with 400 Rl of 1.5 N NaCl-0.5 M Tris-HCl-1 mM EDTA (pH 7.2). Samples of this DNA were applied to Immobilon-N (Millipore) membranes, using a MilliBlot-S apparatus. After air drying for 1 h, the membrane was baked for 2 h at 80°C under vacuum. 32P-labelled DNA probes (specific activity, >5 x 108 cpm/,ug) were prepared by using [a-32P]dCTP (3,000 Ci/mmol; ICN) and a Prime-It random primer kit (Stratagene). A 0.32-kb EcoRI-ClaI fragment, containing nucleotides +263 to +572 of the E. coli pcm L-isoaspartyl methyltransferase gene, was prepared from pJF3 as the template (8) . Prehybridization was carried out at 65°C for 3 h in S x SSPE-5 x Denhardt's solution (29)-0.5% SDS-100 ,ug of salmon sperm DNA (Sigma) per ml and was followed by hybridization with the denatured probe in fresh solution at 65°C overnight. The membrane was washed twice in 2x SSPE-0.1% SDS for 10 min at room temperature and once in 1x SSPE-0.1% SDS for 15 min at 65°C. The wet membrane was put in a heat-sealable bag and autoradiographed at -80°C for 1 to 5 days, using Kodak XAR film. The intensities of the bands were quantitated by using an LKB Ultrascan XR densitometer.
RESULTS
L-Isoaspartyl protein methyltransferase activity in E. coli and S. typhimurium. Previous studies had identified L-isoaspartyl methyltransferase activity in the cytosolic fraction of S. typhimurium (26) and E. coli (8) . To provide a baseline for comparative studies of other eubacterial strains, we assayed soluble extracts of E. coli and S. typhimurium with a variety of methyl-accepting substrates. Figure 1 shows the incorporation of methyl groups into endogenous substrates, an isoaspartyl peptide, or ovalbumin as a function of incubation time. The latter substrates showed enhanced activity over the endogenous levels, with the highest activities for the peptide substrate, as was previously seen for E. coli (8) . Methyl-accepting activity was also seen with gamma globulins and gelatin, while little activity was seen with bovine serum albumin (Table 2) .
L-Isoaspartyl methyltransferase activity in other enteric bacteria. Cell extracts from Klebsiella pneumoniae and Enterobacter aerogenes demonstrated a lower level of methyltransferase activity with the L-isoaspartyl peptide substrate than did the related species E. coli and S. typhimurium ( Fig. 1; Table 2 ). Little or no activity with any protein substrates was seen in E. aerogenes extracts, while marginal activity was seen with gelatin in K. pneumoniae extracts ( Fig. 1; Table 2 ). Other enteric bacteria tested (Serratia marcescens, Proteus vulgaris, and Erwinia chrysanthemi) exhibited no methyltransferase activity above endogenous levels when the L-isoaspartyl peptide was used as a methylaccepting substrate at a concentration of 100 ,uM, although some activity was seen in extracts of S. marcescens and P. vulgaris extracts when the peptide concentration was raised to 500 ,uM (Table 2) .
L-Isoaspartyl methyltransferase activity in other purple bacteria. E. coli and other enteric species belong to the -y subdivision of purple bacteria, which is a major division of eubacteria (36, 37) . Cytosolic extracts of another -y purple bacterium, Pseudomonas aeruginosa, showed methyltransferase activities toward both the L-isoaspartyl peptide and protein substrates at levels similar to those seen with E. coli ( Fig. 1; Table 2 ). We also tested three species in the a subdivision of purple bacteria: Rhizobium meliloti, Rhodobacter sphaeroides, and Rhodopseudomonas palustris. Extracts of R. sphaeroides gave methyltransferase activities similar to those of K. pneumoniae or E. aerogenes, with some methylation of the L-isoaspartyl peptide but no detectable action on ovalbumin or the other protein methyl acceptors ( Fig. 1; Table 2 ). However, no methyltransferase activity with any of the substrates could be detected in cytosolic extracts of either R. meliloti or R. palustris.
No L-isoaspartyl methyltransferase activity is detected in four gram-positive species. Bacillus subtilis, Lactobacillus casei, and Streptomyces griseus, representing three branches of the gram-positive bacteria, were examined for their methyltransferase activity. Reactions with extracts of these cells failed to show any activity with the L-isoaspartyl peptide or ovalbumin (Fig. 1) . Additionally, no activity was detected either with the peptide substrate at higher concentrations or with various protein substrates ( Table 2) . It is interesting that we also could find no evidence for the presence of this enzyme in a gram-positive thermophile, B. stearothermophilus. Since this organism grows at elevated temperatures, an increased rate of spontaneous protein damage might result in a rapid accumulation of racemized and isomerized aspartyl residues that would need to be metabolized. Nevertheless, we were unable to detect any methyltransferase activity with the isoaspartyl peptide (Table 2). We did find an activity with ovalbumin as a methyl acceptor that appears to be distinct from that of the L-isoaspartyl methyltransferase; the products of this reaction have not been characterized.
Controls to validate the apparent absence of methyltransferase activity in some species. The simplest explanation for the results presented above is that some bacterial species have little or no L-isoaspartyl protein methyltransferase activity. However, the fact that this enzyme had previously been detected at comparable levels in all cells and tissues examined suggested that its apparent absence in several procaryotes might be an experimental artifact. We explored this possibility by testing whether the cell disruption techniques used were effective. We found that the protein concentrations measured for the various bacterial cytosolic fractions were within a range (8 to 50 mg/ml) that is compat- [19] ) is about 100 times lower than that for the enzyme from E. coli (8) , it was possible to assay at a low concentration of peptide (2.5 ,uM) where most of the methylation would be due to the erythrocyte enzyme. The results of such experiments indicated that 10 p. of the bacterial extracts in a total volume of 40 p.1 does not significantly affect the erythrocyte methyltransferase activity (range, 60 to 140%) with the possible exception of the extract from R. meliloti, in which only 28% of the erythrocyte activity was seen in the presence of 10 p.l of extract (data not shown). Thus, the absence of detectable methyltransferase activities in the bacterial extracts in Fig. 1 and Table 2 was probably not due to inhibiting or degrading factors present in the extracts.
Genes homologous to the E. coli pcm gene in other bacteria. To determine whether an isoaspartyl methyltransferase gene might be present in some bacteria but not expressed, we measured the extent of hybridization of a fragment of the E. coli isoaspartyl methyltransferase gene to the chromosomal DNA of other species. This fragment contains DNA sequences that encode the conserved region I and region II amino acid sequences present in a variety of methyltransferases (15) and that would be expected to be most similar in different organisms. We find hybridization only in the enteric bacterial species (Fig. 2) . Interestingly, we see no hybridization to DNA of P. aeruginosa, although it is clear that this bacterium contains active methyltransferase. It thus appears that the nucleotide sequences of these enzymes have diverged to the point that we could not detect the gene from nonenteric species under our conditions. However, within the enteric group of bacteria, we detected hybridization to all species tested with the exception of E. chrysanthemi. These results confirm the identification of the methyltransferase in species such as S. marcescens and P. vulgaris, in which low enzymatic activities were detected, and support the absence of the enzyme in E. chrysanthemi.
DISCUSSION
It has been proposed that the vertebrate L-isoaspartyl/Daspartyl methyltransferase functions in the recognition and metabolic processing of proteins damaged by spontaneous aging reactions in these generally long-lived organisms (3, 4, 27) . Enzymatic methylation may set the stage for spontaneous reactions that can reverse the damage (9, 16, 17, 21) or may prepare the altered protein species for degradation (22) . It was thus initially hard to rationalize the presence of a similar activity in bacteria that are capable of rapid cell growth and division. However, it is clear that in the natural setting, nutrient deprivation can be the rule and cells thus need to survive for potentially long periods of time in the absence of growth (20, 28) . Under these circumstances, altered proteins containing isomerized and racemized aspartyl residues can accumulate. The type of L-isoaspartyl protein methyltransferase identified in E. coli (8) and S. typhimurium (26) may be important for survival under such restrictive growth conditions, and it is therefore not surprising that we find this enzyme activity in a number of enteric and other bacterial species. What is surprising, however, is the apparent absence of this enzyme (at least under the conditions of cell growth and enzyme assay used here) in at least one enteric species, two out of the three examples of bacteria from the a purple bacteria, and all four grampositive species tested (Fig. 3) .
It was of interest to find that the only bacterium in the enteric family tested that lacked methyltransferase activity (7, 32, 36, 37) . Erwinia is positioned according to the DNA:rRNA hybridization results given in reference 1. The binary association coefficient (SAB value) is defined as the ratio of twice the sum of bases in oligonucleotides (length greater than five) common to two catalogs A and B to the sum of all bases in the two catalogs (7) . Isoaspartyl methyltransferase levels are summarized from Fig. 1 and Table  2 ; DNA hybridization data are from Fig. 2. ND (34) . Mechanisms for transferring genes between bacterial species have been well described (24) and could account for the spread of a gene once introduced to a single species. On the other hand, the similarity of the E. coli and human methyltransferases on an amino acid level is 31%, a figure similar to that of highly conserved metabolic enzymes such as glycolytic components (6) . Additional evidence against a recent origin of methyltransferase genes in bacteria is provided by the apparent divergence of the DNA sequences for the E. coli and P. aeruginosa methyltransferase genes: we see no cross-hybridization in the experiment shown in Fig. 2 (35) . Further work will be needed to determine whether either of these activities reflects the presence of an L-isoaspartyl protein methyltransferase.
